Abstract. Simulations of experiments at modern light sources, such as optical laser laboratories, synchrotrons, and free electron lasers, become increasingly important for the successful preparation, execution, and analysis of these experiments investigating ever more complex physical systems, e.g. biomolecules, complex materials, and ultra-short lived states of matter at extreme conditions. We have implemented a platform for complete start-to-end simulations of various types of photon science experiments, tracking the radiation from the source through the beam transport optics to the sample or target under investigation, its interaction with and scattering from the sample, and registration in a photon detector. This tool allows researchers and facility operators to simulate their experiments and instruments under real life conditions, identify promising and unattainable regions of the parameter space and ultimately make better use of valuable beamtime. In this paper, we present an overview about status and future development of the simulation platform and discuss three applications: 1.) Single-particle imaging of biomolecules using x-ray free electron lasers and optimization of x-ray pulse properties, 2.) x-ray scattering diagnostics of hot dense plasmas in high power laser-matter interaction and identification of plasma instabilities, and 3.) x-ray absorption spectroscopy in warm dense matter created by high energy laser-matter interaction and pulse shape optimization for low-isentrope dynamic compression.
Introduction
The computer program simex platform 1, 2 is a modular software environment for the simulation of experiments at advanced laser light sources. Users can assemble a virtual experiment through the combination of suitable simulation codes for the various instrumental parts of the experiment: creation of the radiation in the light source (e.g. synchrotron radiation (SR) source, free-electron laser (FEL), or optical laser (OL)), propagation of the radiation from the source to the point of interaction with a sample or target, interaction of the light with the sample, propagation of the scattered radiation and other products from the photon-matter interaction (emitted photons, electrons, ions) after the interaction, and detection. We have equipped simex platform with a number of such codes and corresponding scriptable user interfaces to ease setup and execution of simulation runs. A lightweight abstraction mechanism and interface templates makes the integration of further 3rd party simulation codes straightforward. This allows users and developers of specialized photon science simulation codes to embed their applications into a more realistic simulation environment compared to running the codes isolated with more or less idealized parameters and initial conditions.
Simulation Calculators
Photon source Our software currently supports simulation of photon experiments that follow a sequential base pattern: The radiation is produced in a photon source, propagated through a beamline, it interacts with a sample (target), and photons (or other particles) leaving the sample after scattering or emission are registered in a detector. This linear progression is depicted in Fig. 1 . A typical example is an x-ray diffraction experiment: X-ray photons delivered by a SR source or a x-ray free-electron laser (XFEL) and focussed onto a sample by means of focussing x-ray optics, scatter from a sample (e.g. a crystal), and the scattered photons are registered in an area detector behind the sample. Other baseline applications are, e.g., small and wide angle scattering, inelastic x-ray scattering, or x-ray absorption spectroscopy.
Simulation steps are represented by Calculators, depicted as green boxes in Fig. 1 . Calculators are classes written in the python programming language 3, 4 and provide scriptable user interfaces to the underlying simulation codes (referred to as Backengines in the following), which perform the actual mathematical and numerical operations on the Calculator's input data.
Each Calculator stores its results in a well defined data format based on the Hierarchical Data Format (hdf5). 5 Our format is compatible with or convertible into the format used by the framework simS2E, 6, 7 from which simex platform was derived. In parallel, we also support the "Open Standard for Particle-Mesh data" (openPMD). 8 These data containers, which may exist as files on disk or as objects in memory are the data interfaces (yellow boxes) in Fig. 1 . Output from one Calculator is input the next Calculator.
2 Single-particle coherent diffractive imaging
Single-particle imaging (SPI) through coherent diffraction of x-rays from single particles (e.g. biomolecules or clusters) is a x-ray experimental technique to determine the structure of these objects without the need for cystallization and thus enables characterization of samples that cannot be crystallized (such as many membrane proteins) and in their natural solvent.
SPI is made possible by XFELs which deliver ultra-short and intense pulses of x-rays onto the sample. While the high photon fluence is needed to compensate for the inherently weak scattering efficiency of these non-crystalline samples, pulse durations of the order of a few femtoseconds allow to probe the sample before it is destroyed in the radiation field.
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Experimental scenario
Fig 2 Schematic setup of a single particle imaging experiment
In a SPI experiment, schematically shown in Fig. 2 , x-rays are focussed to sub-micrometer spot size onto the sample molecule and scattered photons are recorded in a 2D pixel area detector.
After collecting a large number of single-shot diffraction patterns from individual samples and assembly of these patterns into a 3D diffraction volume, 14 the 3D electron density distribution can be reconstructed using phasing algorithms, 15 similar to crystallographic structure determination.
Simulations
Our simulations track the x-ray field from their production in the undulator section of the freeelectron laser, and propagation through focussing x-ray optics to the sample position. We then simulate the interaction of x-ray photons with the randomly oriented sample and the scattering in a time-resolved manner. The detector signal is calculated from the number of scattered photons at a given pixel position, integrated over the duration of the x-ray pulse. We collect ≈ 10 5 simulated diffraction patterns to sample the source fluctuations, random orientation of the sample molecule and the stochastic nature of photon-matter interaction processes. We feed all simulated patterns into an orientation algorithm, 14 which assembles a 3D diffraction volume. Finally, an iterative phasing algorithm 14, 15 reconstructs the 3D electron density, which can be compared to the original sample structure, e.g. to assess the quality of orientation and phasing under given experimental conditions taken into account in the simulations.
XFEL source and wavefront propagation
We simulate the propagation of coherent x-ray photons from the exit of the XFEL's undulator to the sample interaction zone by means of coherent wavefront propagation, 16, 17 assuming that the xray beam is perfectly transverse coherent. The radiation field is represented by two 3 dimensional data arrays for the vertically and horizonally polarized components of the complex electric field at discrete beam-transverse coordinates x, y and at discrete times t at a fixed longitudinal coordinate z along the beamline axis. The simulation starts by reading a file from the XFEL Photon pulses database (XPD) 18 which contains precomputed fields at the undulator exit z = 0 for various electron bunch charges, photon energies, and undulator lengths. The database was populated using the FEL simulation code FAST. 19 Within simex platform , it is also possible to calculate the FEL source with the code Genesis.
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The propagation through the beamline is then performed with the software WPG, 21 a python interface to SRW. 22 Each element of the beamline, e.g. free space drifts, apertures, lenses, plane and curved mirrors, and gratings, are represented by numerical propagators acting on the radiation field in the frequency domain, either in a multiplicative way (thin optical elements) or by convolution (thick element). Fig. 3 shows the x-ray intensity distribution, temporal profile, and spectrum before and after propagation of a pulse with 4.96 keV photon energy, ≈3 fs pulse duration and 1 mJ pulse energy (≈10 11 photons).
Photon-Matter Interaction
Resuls of the photon propagation simulation are picked up by the Photon-matter interaction Calculator to simulate the interaction of x-ray photons with the sample on a microscopic basis.
We use the simulation package XRAYPAC containing the codes XMDYN calculation based on the initial atomic positions and neutral ground state atomic form factors. This feature is very useful for quick test calculations, i.e. to get an estimate of detector signals and for debugging purposes. A comparison between simulated diffraction patterns with and without radiation damage will be given further below.
Coherent x-ray diffraction
The diffraction simulation code singFEL combines the outcome of the x-ray beamline propagation and the simulation of photon-matter interaction and calculates for each time step the scattered intensity at a given pixel position as
where q is the scattering wavevector given by the distance of the assumed pixel area detector from the sample and the size and position of the pixel for which we evaluate the scattered intensity; Ω is the solid angle spanned by the respective detector pixel, dσ Th /dΩ is the differential Thomson cross section, I 0 (t) is the FEL intensity at the sample position as function of time, which is the result of the x-ray beamline propagation. F (q, t) is the bound electron form factor for coherent scattering while and S(q, t) and N (q, t) denote the incoherent contributions from bound and free electrons, respectively. The latter are taken from the photon-matter interaction calculation. The time stamp of the ith snapshot is denoted t i and ∆t the time step.
To compose the diffraction pattern, the scattered intensities from each time step are incoherently added. 
Detector response
The detector is modelled as a n x × n y array of pixels of size sin the x − y plane perpendicular to the x-ray beam axis, intersecting the beam at a distance d from the sample position.
From the scattered intensity, a Poissonized photon number is calculated for each pixel (indexed 
j):
We first calculate an average photon number ν j = I(q j )s 2 /E 0 , where E 0 is the initial photon energy of the x-ray laser. We then draw the detected photon count n j from a Poisson distribution around the average P ν j (n j ) = ν n j j e −ν j /n j !. Fig. 6 shows the discretized pattern of detected photon numbers obtained after "Poissonization" of the corresponding intensity distribution shown in More detailled simulations of the detector response to the incoming radiation can be performed using e.g. the x-ray detector simulation toolkit (X--CSIT), 31 which describes the electron creation mechanism and charge transport. An extension to X--CSIT 32 also simulates the detector electronics. In this way, various sources of detector noise, false positives and false negatives, dead pixels, hot spots, counting statistics and electronic noise can be taken into account. Integration of the extended X--CSIT software into simex platform is currently underway.
Data analysis: Orientation and phasing
Reconstruction of electron density maps from measured 2D diffraction patterns involves sophisticated data postprocessing steps: In a first step, all patterns must be re-oriented, i.e. the orientation of the sample molecule with respect to the x-ray beam axis must be determined. Here, we employ the Expand-Maximize-Compress (EMC) algorithm. 14, 33 EMC has become the standard orientation algorithm for single-particle imaging at XFELs.
After orientation, the electron density can be reconstructed from the 3D diffraction volume using iterative phasing algorithms. 15 Here, we use the Difference-Map algorithm as described e.g.
in.
14 Both EMC and DM are implemented in the emc and dm package.
34
Besides these postprocessing algorithms, SIMEX also provides numerous utilities for the analysis of intermediate simulation results. We support statistical analysis and visualization of propagated radiation fields, photon-matter interaction results, diffraction patterns, an 3D volumetric data.
3 X-ray Imaging of high power laser excited overdense plasmas Ultra-short pulsed high power lasers (HPLs) typically deliver laser pulses in the infrared (800 nm to 1000 nm) at pulse durations below one picosecond. Today's HPLs 35 can reach intensities of up to 10 21 W cm −2 on spot sizes of a few microns and pulse durations on the order of a few tens of femtoseconds. Despite their intensity, these sources usually do not penetrate a solid density target but rather create a plasma at the target front side, accelerating electrons to relativistic energies in the strong electric field of the laser 36 and pushing them into the target via the v × B force once the velocity v approaches the speed of light. 37, 38 The generation of relativistic electrons at the front side, the transport of electrons through the target, and the subsequent formation of a sheath of electrons at the target rear side all happen on time scales below a few hundred femtoseconds. 39 They can create plasma instabilities, 40 ionize
and heat the target bulk, 41 generate strong magnetic fields, or drive shocks inside the target. These phenomena can potentially be studied with high spatial resolution of a few nanometers and temporal resolutions of a few femtoseconds using x-ray lasers 42, 43 such as the European X-Ray Free Electron Laser (XFEL).
The Particle In Cell (PIC) method 44 is an advanced simulation method to study the interaction of a HPL with a solid density target. Realistic 3D PIC simulations of laser-irradiated solid density plasmas require Petascale computing capabilities and produce hundreds of Terabytes of data. 45 Within SIMEX we interface PIC codes such as PIConGPU 46, 47 that describe the solid density plasma to codes that model the generation and propagation of XFEL pulses to generate synthetic scattering signals from free and, in the future, bound electrons.
As a first test of the simulation capabilities of simex platform free electron density data from a PIConGPU simulation of the interaction of a short-pulse laser system (see details below) available at the High Energy Density (HED) instrument 48 at the European XFEL will be used to compute a synthetic scattering signal in a Small-Angle X-ray Scattering (SAXS) geometry. We briefly outline an experiment that we plan to simulate with the tools described above. The experiment would be carried out at the HED instrument at the European XFEL. X-ray parameters are given in Tab. 1. We propose a SAXS setup, illustrated in Fig. 7 , where a thin metal foil is first excited using the short pulse HED PP laser (parameter are listed in Tab. 2 and subsequently probed by XFEL photons. Other laser systems available at the HED instrument, including more powerful (of the order 100 TW) lasers are described, in Ref. 49 The choice of the target material depends on the precise x-ray photon energy. The target material's K-shell absorption edge should be located slightly below the probe's wavelength to limit x-ray absorption. In resonant SAXS, the target material's K-shell transitions must match the x-ray photon energy. Assuming a photon energy of 8 keV, copper is a suitable target material for normal SAXS and resonant SAXS.
The HED PP laser will create a plasma of a few to ten micrometer size in the transverse dimension with respect to the XFEL beam. Hence, we choose 10 µm for the focal spot size to irradiate aiMiA:ffinN2+ the full plasma length. A relative bandwidth of ≈10 −3 in SASE mode, corresponding to a few eV in absolute energy is suitable for a resonant SAXS experiment to ensure efficient excitation of all involved transitions. This bandwidth is also adequate for non-resonant SAXS.
Through observation of distinct features in the scattering signal being signatures of resonant modes and instabilities in the plasma, we will extract information about these modes such as their amplitude and growth rate under varying experimental conditions such as laser power, incidence and probe angles. Fig. 8 shows three simulated scattering patterns emerging from interaction of coherent x-rays with different types of plasma instabilities. 42 It should be noted that these simulations make idealistic assumptions about the properties of the x-ray probe. An important aspect of this work is the question if the observed characteristics will remain so clearly distinct if realistic simulated pulses are employed in the scattering simulation. Comparison to experimental data will serve as a validation check of the simulation chain. The simulation workflow is depicted in Fig. 9 . The x-ray pulse generation and propagation is modeled in simex platform with the corresponding simulation codes. The simulated wavefronts are evaluated at the target surface and converted into a photon distribution. The photons are then propagated through the target. At discrete timesteps, each photon's wavevector undergoes a change in magnitude and direction with a certain probability, given by the Thomson scattering cross section. 50 In this way, multiple scattering events that become important especially in compressed regions of the target, are naturally included. Finally, the photon wavefunction is collapsed onto the detector plane and integrated over the exposure time to obtain the simulated scattering image.
Simulation workflow

Propagation
Propagation of XFEL pulses is modeled through the XFELPhotonPropagator. The simulation parameters reflect the conditions at the High Energy Density (HED) instrument 48 at the European XFEL. The focal spotsize can be fixed in three different ranges around 2 µm, 20 µm and 200 µm FWHM.
Photon-Matter interaction 3.4.1 Optical Laser
The short-pulse optical laser-plasma interaction is modeled with PIConGPU. 46 PIConGPU is an Open Source 47 explicit, relativistic 3D3V 1 PIC code which can simulate the interaction of high power, ultra-short laser pulses with matter. The simulations will assume realistic parameters for the optical laser system at the HED instrument at European XFEL. The most important parameters are summarized in Table 2 . HPL pulses are defined by their time dependent magnetic and electric field components. Their evolution is governed by the Maxwell equations. 50 A PIC code solves these partial differential equations on a regular mesh (usually Cartesian) using e.g. finite difference time domain techniques. 51 
X-ray Laser (Scattering)
In principle, all imaging techniques employed for probing the interaction of HPL lasers with targets can be used in the case of ultra-short pulse lasers as well. However, some of these techniques are limited to slowly varying plasma conditions (in comparison to the ultra-short laser pulse duration) and thus are not suitable to capture fast, transient processes. Moreover, atomic processes, multiple scattering, velocity-dependent scattering and non-equilibrium plasma conditions cannot always be taken into account with existing modeling techniques, especially if the x-ray laser pulse itself interacts with the plasma.
Thus, for ultra-short laser pulses x-ray interaction will in addition to existing techniques be modeled via a Monte-Carlo photon interaction model. Each photon is described by its wave vector and a phase 2 .
The x-ray pulse is described by temporally and spatially varying electric fields (amplitude, polarization, and phase). At discrete points in time, the field distribution in a plane perpendicular to the laser axis is converted into a photon distribution using a conversion tool contained in simex platform. These photons are then tracked through the volume simulated by PIConGPU using the software parataxis. Table 1 gives an overview over the expected x-ray pulse parameters at the HED instrument at the European XFEL. In describing the interaction of coherent x-rays with the laser excited plasma, we focus on scattering processes, predominantly Thomson scattering from free electrons. Further atomic processes, e.g. K-shell ionization and resonant scattering will be considered later when detailed atomic modelling using the scFLY code 52 has become part of the simulation capabilities. This is currently under development.
The scattering signal will be processed to infer information about the microscopic and macro-2 In the future, the photon model will also include polarization.
scopic state of the plasma during and after the optical laser-plasma interaction. Photons are scattered according to predefined scattering functions that depend on the local properties of the matter irradiated by the HPL. In the most simple case, the local free electron density is used as an input for calculating the probability for Thomson scattering from free electrons.
In the context of PIC simulations, several methods for scattering calculations are or will be implemented. Ex-situ techniques act as a post-processor on PIC data, e.g. using Fast Fourier Transforms 53 or Monte-Carlo tracking of photons through the simulation volume. The latter is implemented in the code paraTAXIS. In contrast, in-situ techniques calculate the scattering while the PIC simulation is running using e.g. Lienard-Wiechert potentials 54 or by adding photons as a new particle species to the PIC simulation. In addition to elastic scattering of photons from electrons, excitation of ions, absorption, emission, and Compton scattering will be considered in the future. The latter are incoherent processes contributing to the radiation background and their consideration is hence an important step towards a more realistic simulation of the scattering signal.
4 Warm dense matter production through high energy laser shock compression and x-ray radiography diagnostics High-energy laser facilities are now becoming increasingly in demand at new generation x-ray light sources (X-FELs, 3rd generation synchrotron sources). The potential of long pulse (≈0.1 ns The laser is incident from the left and focused to a spot size of 3 µm full-width at half maximum of the intensity profile. The initial hydrogen number density is thirty critical densities n c = 0 mc 2 k 2 0 /q 2 for the laser wavelength of λ Laser = 800 nm. During laser irradiation electrons are pushed by the laser ponderomotive force leading to hole boring and an increase in density near the laser propagation axis. The electron density distribution can be imaged by SAXS with an x-ray pulse of femtosecond scale duration. X-ray pulse and pump laser direction of propagation are perpendicular such that the 1Å wavelength x-ray pulse illuminates the target from the side on a 7 × 7 µm 2 area.
The right image shows a region of interest from the corresponding synthetic scattering signal on an x-ray camera 93 cm behind the target. It is obtained by a Fourier transform of the two dimensional electron density data of the area illuminated by the XFEL pulse assuming that all free electrons of the 5 µm thick, fully ionized target contribute to the scattering signal and that the density does not change siginificantly during XFEL pulse illumination. The incident xray pulse parameters match those expected for the European XFEL HED instrument 49, 55 which provides 10 12 photons.
With photon counts in the range of 10 5 to 10 6 per 13 × 13 µm 2 detector pixel the scattering signal is well-measurable within a single shot which proves the feasibility to record femtosecond and nanometer scale dynamics of laser-driven plasmas at XFELs. Electron density data was obtained by a PICLS 56 simulation.
to 10 ns) laser experiments are already yielding extreme conditions of matter well beyond the reach of static high-pressure techniques and combinations with x-ray techniques provide enticing experiments at new extreme states of matter.
Temporally shaped laser pulses interacting with overdense target material create a rapidly expanding plasma that can generate a shockwave in the ablating material. This shock wave can travel through the target at several km/s and compress the sample material to pressures reaching several hundred GPa. (For comparison, the Earth's core pressure is ≈330 GPa). By using a ramp temporal pulse, where the laser intensity is slowly increased, the temperatures generated remain much cooler than during rapid shock compression and the solid state of matter can be studied up to several TPa
(1 TPa = 1000 GPa). with pulse lengths of greater than a few nanoseconds. The pulse length and focal spot of the laser can depend heavily on the sample material and target package. Generally, focal spot sizes range between ≈0.1 mm to 1 mm. With these specifications, the laser energies now required to reach the highest intensities are on the order of hundreds of joules. Table 3 summarizes the main optical pump laser parameters for shock compression experiments at the ESRF. A new high-energy laser system to with increased energy (200 J and frequency doubling crystals will shortly be installed at the ESRF. A similar experiment could also be executed at European XFEL using the long pulse laser system of the HED instrument. Here, owing to the orders of magnitude higher photon fluences, the system could also be probed by inelastic x-ray scattering. 58 We design here simulations for a prototypical experiment combining a high-energy laser system and x-ray radiation from a 3rd generation synchrotron. The laser shock-compresses a tailored solid density target and the compressed matter is subsequently probed by x-rays. X-ray absorption spectroscopy (XAS) allows to monitor the compression and to characterize the electronic and structural states in the target. Through variation of the delay between optical laser pulse and x-ray probe pulse, time resolved data can also obtained.
Experimental scenario
Fig 11 Schematic rendering of a laser driven shock compression experiment and x-ray absorption spectroscopy (a). XANES signal as function of time indicating structural phase transition from bcc to hcp phase (b). 1-D Radiationhydrodynamics simulation of the shock propagation and pressure dynamics during laser-matter interaction (c). Reproduced from Ref. 59 Fig . 11 shows the experimental setup, optical laser and x-ray probe pulse timings (a), measured XANES spectra (b) and 1D radiation-hydrodynamic simulations of shock propagation through the a sandwiched iron target. The figure is taken from Ref. 59 The drive pulse compresses the target as modeled by radiation hydrodynamics simulations reaching pressures in the range of 40 GPa to 60 GPa. The x-ray pulse of ≈100 ps probes the compressed target after a variable time delay.
X-ray pulses for shock compression studies at the ESRF are ≈100 ps long. Table 4 lists the most important x-ray parameters. Transmitted x-ray photons are detected in a position sensitive Ge detector. The position of the detected photon can be converted into photon energy employing the dispersion curve of the focussing mirror.
We simulate this experiment using the available tools in simex platform . In addition, simex platform provides tools for iterative optimization of the optical laser pulse parameters and the target geometry (ablator thickness and material, target thickness, window material. Details about the simulation Backengines are provided in the following.
Photon-Matter interaction 4.2.1 Optical laser and radiation-hydrodynamic codes
Nearly all of the physical processes of long pulse laser-matter interactions are described by partial differential equations that can be solved with careful construction of numerical simulation codes.
Here, the laser-matter interactions are modelled with the 1D radiation-hydrodynamics computer code ESTHER 60 or the 2D code MULTI2D. 61 For the 1D hydrocodes, a moving mesh is applied in an arbitrary Lagrangian-Eulerian framework where the coordinates of the mesh contain the variables from which density can be calculated (mass of each zone is fixed). The most important variables considered in these codes are those associated with the extreme conditions generated by the high-power lasers: pressure (density), temperature and velocity. Feedback of these hydrocode outputs are crucial in the design and implementation of laser shock/ramp experiments with x-ray interactions.
It is vital to have an understanding of shock transit times so that accurate timing of the x-ray probe, with respect to the laser initialisation, can be made. The final density state reached by a shock, as calculated from the hydrocode simulation packages, can define the shock velocity.
X-ray matter interaction
In the proposed experimental setup, the shock compressed matter is diagnosed by X-ray Absorption Fine Structure (XAFS) spectroscopy and radiography. The XAFS signal reflects the near order of the shock compressed matter. The absorption edge is modulated by the ion-ion correlation function χ( q) making it possible to identify the crystalline structure in the absorption spectrum. XAFS can be simulated by combining first principle electronic structure methods with linear response theory. A well known implementation is the code FEFF.
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Radiography can be used to image e.g. the shock front during dynamical compression. The raytracing software ShadowOUI 63 has the capability to calculate radiographs from simulated density profiles.
Conclusions
In summary, we have outlined the capabilities of our generic photon science simulation platform simex platform . It provides user interfaces for and data interfaces between advanced simulation codes for simulations of the complete experiment for at least three types of applications:
SPI experiments at XFELs, x-ray probing of short-pulse laser excited matter and x-ray diagnostics of dynamically compressed matter. Starting from the source, photons are propagated to the sample or target by means of x-ray tracing or coherent wavefront propagation. Interaction with the sample can be simulated using MD for finite systems (biomolecules, clusters), PIC and ex-situ
Monte Carlo photon tracking for the femtosecond dynamics of matter after excitation by short-pulse laser irradiation, and radiation-hydrodynamics coupled to electronic structure calculations for long-pulse laser compression of solid matter and subsequent x-ray probing. Our platform is available under the GNU General Public License (version 3). 64 It can be installed from the sources, via binary packages or as a docker 65 container.
Besides accomodation of further physics backengines and execution of the applications discussed in this paper, we will also extend the platform to allow more complex simulations. As an example, we mention simulations of a compact coherent light source based on relativistic laserwakefield acceleration coupled to an undulator beamline simulator.
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